Abstract: A series of ethylene polymerization catalysts based on tridentate bis-imine ligands coordinated to iron and cobalt was reported. The ligands were prepared through the condensation of sterically bulky anilines with allyloxy-and benzyloxy-substituted 2,6-acetylpyridines. The pre-catalyst complexes were penta-coordinate species of the general formula {[(ArN=C(Me)) 2 (4-RO-C 5 H 3 N)]MCl 2 } (Ar=ortho dialkyl-substituted aryl ring; R=allyl, benzyl; M=Fe, Co). In the presence of ethylene and methyl alumoxane cocatalysts, these complexes were active for the polymerization of ethylene, with activities lower than those of metal complexes of the general formula {[(2-ArN= C(Me)) 2 C 5 H 3 N]MCl 2 } (Ar=ortho dialkyl-substituted aryl ring; M=Co, Fe), containing no substituents in 2,6-acetylpyridine ring. The effects of the catalyst structure and temperature on the polymerization activity, thermal properties, and molecular weight were discussed.
Introduction
A new series of iron and cobalt complexes with bis (imino)pyridyl ligands were reported by Gibson, 1 Bennett from Dupont 2 and Brookhart, 3, 4 which showed exceptionally high activity for the ethylene polymerization. Bulky bis (imino)pyridyl ligands have drawn considerable interest because they showed the potential advantages of modulating steric and electronic properties by varying the amine or aniline used in the ligand synthesis. Brookhart group reported that by reducing the steric bulk of these bis(imino)pyridyl ligands the resultant iron catalysts were effective rather oligomerization of ethylene to linear α-olefins with remarkably high activity and selectivity while maintaining desirable oligomer distributions. 5 The elucidation of ligand effects has been a central piece of work in olefin polymerizations over homogeneous catalysts, both metallocene and post-metallocene catalysts, as the catalytic activity and the polymer parameters such as molecular weight (MW) and molecular weight distribution (MWD) can be tailored through a rational ligand design at the transition metal center. Most investigations into ligand effects in such polymerizations have focused on the influence of the steric environment [6] [7] [8] [9] and comparatively few have addressed the question how electronic changes in a ligand affect the metal center and its catalytic properties. [10] [11] [12] [13] Electronic together with steric effects have at times been invoked to explain the influence of different cyclopentadienyl ligand substituents in metallocene complexes, e.g. by Ewen et al., 14 Chien and Razavi 15 and Mise et al. 16 No definitive proof for an electronic effect could be given in these articles, however, since the complexes simultaneously differed in their steric hindrance.
To single out the steric from the electronic effects, Piccolrovazzi et al. employed unbridged indenyl ligands carrying a hydrogen, methyl, methoxy or fluorine ligand in the 4-and 7-position (on the annelated six-membered ring). 10 A similar approach was taken by Lee et al. who used bridged and unbridged indenyl ligands on a zirconium center which were similarly substituted at the 4-and 7-or 5-and 6-positions. 11 Substituents on the C 6 fragment of these bis(indenyl) zirconium complexes were assumed not to interfere sterically with the incoming monomer, the growing polymer chain or with the insertion reaction at the transition metal center. As a result it was proposed that electron withdrawing groups led to a decrease in catalytic activity and polymer molar mass in the polymerization of ethylene and propylene, while the effect of electron donors was less clear.
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Even though much interest has been drawn on the effect of the protective bulk of the ortho substituents above and below the metal center of pyridine-bis-imine iron(II) and cobalt(II) complexes on the ethylene polymerization behaviors, no results on the effect of substituents on the pyridine (backbone) ring on the polymerization have been reported.
In this sense we decided to study the synthesis of iron(II) and cobalt(II) complexes with bis(imino)pyridyl ligands containing electron donating benzyloxy and allyloxy substituents on the 2,6-acetylpyridine and the effect of these substituents on the ethylene polymerization behaviors.
Experimental
General Methods and Materials. Iron and cobalt complexes were manipulated by standard schlenk techniques. Polymerization grade of ethylene (SK, Korea) was purified by passing it through columns of Fisher RIDOX catalyst and molecular sieve 5 Å/13X. Organic solvents were distilled from Na/benzophenone and stored over molecular sieves (4 Å). All reagents were purchased from Aldrich Chemical Co. and used without purification. Methylaluminoxane (MAO) was purchased from Akzo Chemical as 8.4 wt% total Al solution in toluene.
Polymerization and Characterization. Ethylene polymerizations were performed in a 250 mL round-bottom flask equipped with a magnetic stirrer and a thermometer. Detailed polymerization and polymer workup procedures were described elsewhere. 38 mmol) in 30 mL of THF was added over 30 min. The resulting orange-yellow suspension was stirred at temperature lower than -30 o C for 2.5 h and then hydrolyzed with saturated NH 4 Cl solution. The mixture was filtered through Celite, and washed consecutively with ether and CH 2 Cl 2 . The combined organic solutions were dried over MgSO 4 , and then filtered. After removal of solvents, the residue was purified by flash chromatography to give 1.89 g (42%) of desired product as a yellow powder (SiO 2 , EtOAc-Hexane= 1:10). 
N-((E)-1-{4-(Allyloxy)-6-[(1E)-N-(2,6-dimethylphenyl) ethanimidoyl]-2-pyridinyl}-ethylidene)-2,6-diisopropylaniline (allyl-iPr).
To a stirred solution of 2.44 g (11.13 mmol) of 4-(allyloxy)-2,6-diacetylpyridine in 30 mL of absolute ethanol was added 3.95 g (22.26 mmol) of 2,6-diisopropylaniline. After the addition of a few drops of glacial acetic acid, the solution was refluxed overnight. Upon cooling to room temperature, the product crystallized from ethanol. After filtration the yellow solid was washed with cold ethanol and dried in a vacuum oven at 50 o C overnight to give 3.77 g (58%) of desired product as a white powder. 
N-((E)-1-{4-(Benzyloxy)-6-[(1E)-N-(2,6-dimethylphenyl) ethanimidoyl]-2-pyridinyl}-ethylidene)-2,6-diisopropylaniline (bz-iPr).
The bz-iPr ligand was prepared by the similar procedure with allyl-iPr except for using 4-(benzyloxy)-2,6-diacetylpyridine. The resulting product was a yellow solid (yield=65%). The ligand (1.1 eq.) and the metal salt (CoCl 2 or FeCl 2 ) in its hydrated form were added together in a schlenk flask under nitrogen. Stirring was begun and continued for 4 h. Diethylether was added to the reaction to precipitate the complex, and the resultant solids were filtered in air and washed with ether and pentane and dried in vacuo. All of the complexes were prepared in quantitative yields in this manner.
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Results and Discussion
The pre-catalyst complexes are penta-coordinate species of the general formula {[(ArN=C(Me)) 2 (4-RO-C 5 H 3 N)]MCl 2 } (Ar=ortho dialkyl-substituted aryl ring, R=allyl or benzyl, M=Fe or Co), consisting of a 4-allyloxy-or 4-benzyloxypyridine-bisimine ligand coordinated to iron(II) and cobalt(II) chloride. The synthetic procedures of complexes are summarized in Scheme I. The iron and cobalt complexes were prepared by the reported procedures; namely, the addition of a slight excess of the ligand to the hydrated or anhydrous form of the iron and cobalt salts in THF. 2, 3 The reactions are complete in all cases in less than two hours, and the products are isolated by filtration or evaporation and washed with ether and pentane to generate the pre-catalysts in near quantitative yields.
Semi-batch polymerizations of ethylene using cobalt and Table I . The ethylene polymerization results demonstrated that (1) for metal complexes containing ligands with the same 2,6-diisoproyl substituted aryl rings, activity decreased in order of H-iPr-M (M=Co, Fe) *allyl-iPr-M* bz-iPr-M; (2) even if iron catalyst showed higher activity than cobalt catalyst for H-iPr-M catalysts, the reverse was true for allyl-iPr-M and bz-iPr-M catalysts; (3) there were quite extended induction periods for allyl-iPr-Fe and bziPr-Fe catalysts; (4) iron catalysts produced higher molecular weight polymer than cobalt catalysts without exception; (5) metal complexes containing ligands with 2,6-diisoproyl substituted aryl rings yielded higher molecular weight polymer than those with 2,6-dimethyl substituted aryl rings; (6) bz-iPr-Fe catalyst gave much higher molecular weight Table I polymers than other catalysts; and (7) most of the catalysts convert ethylene to highly linear polyethylene as determined by DSC (T m values 127.1~138.8 o C and very high crystallinities larger than those commercially available from ZieglerNatta polymerization). The linearity of the polyethylene could also be confirmed using NMR spectra of the polymers, i.e., only trace amounts of branched polymer were observed.
The decreased activity of the iron and cobalt complexes containing benzyloxy and allyloxy groups on pyridine rings is related to the electron-donating character as well as the coordination capability of the benzyloxy and allyloxy substituents. The influence of substituents on the cyclopentadienyl (Cp) rings on the activity of the metallocene catalysts and on the MW of the resulting polymers has been the object of many studies. [6] [7] [8] [9] Electronic and steric effects have been considered, but the lack of kinetic data, the different reaction conditions used by the authors that hinder an accurate comparison of the results and the difficulty of singling out the steric from electronic effects, do not allow sound conclusions to be drawn, not even about the influence on activity. Nevertheless, in general, electron releasing alkyl substituents on the Cp rings are reported to enhance catalytic activity, at least until steric hindrance inhibits monomer coordination. The presence of electron-donating alkyl groups on the Cp ligands should reduce the positive charge on the metal and consequently facilitate the formation of the active cationic species (because the R -or Cl -donor strength of the metal is increased) and should also promote stabilization. [14] [15] [16] However, it is expected that too strong electron-donating substituents such as benzyloxy and allyloxy groups lead to reduced electrophillic metal center, resulting in a decreased coordination power with respect to ethylene monomer, thus cause a lower propagation rate. Furthermore, the decreased activity of the iron and cobalt complexes containing benzyloxy and allyloxy groups is also caused by complicated complexations between cationic active species and benzyloxy and allyloxy groups as illustrated in Figure 2 . These complexations stabilize the active species and retard the coordination of incoming monomer, resulting in decreased catalytic activity. If the polymerizations were performed in the presence of large excess amount of MAO, the MAO might protect metal center from deactivation by coordination via oxygen in allyloxy or benzyloxy groups. This was the case as shown in Table I (see run no. 8a and 14a). When [MAO]/ [Mt] ratio is 3,000, the activity was increased by over two folds.
The prolonged induction periods observed in allyl-iPr-Fe and bz-iPr-Fe catalysts can be rationalized by above explanation. Even if it needs a long time (13 min) to activate bziPr-Fe catalyst, exceptional high molecular weights of resulting polyethylenes demonstrate that the active centers are alive for a long time without chain transfer reactions. Since we realized that the substituents on the pyridine ring are an important parameter influencing polymerization behaviors, we are carrying out similar study by modifying the substituents on the pyridine ring with electron-withdrawing group.
As a means of explaining multiple melting peaks (Table I ) observed in allyl-Me-Fe and allyl-iPr-Fe catalysts, a series of solvent extraction of polyethylene was carried out using boiling ether, n-pentane, n-hexane and n-heptane as solvents. From this experiment we could extract the polyethylene samples by solvent soluble fractions and insoluble fractions, demonstrating the multiple melting behaviors were recorded because the polymer samples produced by allyl-Me-Fe and allyl-iPr-Fe catalysts contained polyethylenes with different molecular weights.
Conclusions
We have prepared new iron(II) and cobalt(II) catalysts based on tridentate pyridine bisimine ligands in which the imine moieties are bulky ortho-substituted aryl imines and the pyridine rings contain electron-donating groups such as allyloxy and benzyloxy groups. These catalysts showed lower activity of ethylene polymerizations to give linear polyethylene than corresponding catalysts containing no electron-donating substituents. The strong electron-donating substituents like benzyloxy and allyloxy groups are expected to lead reduced electrophillic metal center, decreasing coordination power of incoming monomer.
